Abstract Fluorescent imaging is a key tool in biology. On one hand, organic dyes are subjected to bleaching; while, on the other hand II-VI semiconductor quantum dots are photostable, but may exhibit some toxicity. Silicon carbide nanoparticles (SiC NPs) are a good alternative as SiC is chemically inert and considered as biocompatible material. However, their fluorescence quantum yield is weak. Plasmon-controlled fluorescence appears as a mean to enhance SiC NPs fluorescence. To this aim, new fluorescent nanohybrids (NHs) involving a gold colloid surrounded by a silica shell and overcoated with SiC NPs have been engineered. Au@SiO 2 particles were synthesized via a sol-gel method to obtain a controlled thickness of silica around gold colloid. Then, SiC NPs were immobilized onto silica by covalent bonding. TEM was used to study the structural properties of NHs. The influence of several parameters on NHs' fluorescence properties was investigated. It reveals that excitation wavelength must be chosen as close as possible to the gold plasmon band to avoid quenching of emission due to energy transfer between gold absorption and SiC emission. Moreover, the silica thickness is a key parameter to obtain high enhancement; for gold colloids of 20 nm in diameter overcoated by a 25 nm shell, an enhancement factor as high as 12.5 was obtained with a narrower and blueshifted emission band. This blue-shift can be attributed to the surface chemistry modification of SiC NPs when they are covalently bonded to silica.
Introduction
Silicon carbide (SiC) is known to be a biocompatible and chemically inert material (Mélinon et al. 2007) . Recently, SiC nanoparticles (NPs) were used successfully without any further functionalization for the fluorescent imaging of mouse conjunctiva fibroblast (Botsoa et al. 2008 ) and human fetal osteoblast cells (Fan et al. 2008) . These NPs exhibit a fluorescence quantum yield of 17 % (Fan et al. 2008) , which is quite low when compared to some efficient organic dyes like fluorescein (97 %) or Texas Red (93 %) and CdSe quantum dots (65-85 %) (Resch-Genger et al. 2008 ). Thus, they should be injected into cells at a relatively high concentration (0.1 g L -1
) to obtain a clear labeling effect (Botsoa 2008) . However, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays have evidenced that a significant decrease of cell proliferation is detected from 0.05 g L -1 SiC NPs concentration (Botsoa 2008) . Therefore, even if they are chemically inert, the accumulation of NPs leads to undesirable physiological changes, which is not acceptable for a marker that should not be seen by the cells. Another disadvantage of SiC is its very broad emission band (due to large size distribution) ranging from 500 to 800 nm, which makes spectral multiplexing experiments impossible. Thus, to be competitive with usual fluorophores, the fluorescence intensity of SiC NPs must be enhanced ideally with a narrower emission band.
Plasmon-controlled fluorescence (PCF) (Lakowicz 2006) appears when a metal is located close to a fluorescent emitter. The oscillating electrons due to plasmon can become resonant with an incident light radiation. This can induce very strong and localized electromagnetic fields, which are able to enhance significantly the number of radiative processes of the fluorescent emitters. In particular, the coupling between plasmonic modes and fluorescent emitters is linked to several interesting properties: an amplification of the fluorescence signal, a better photostability, an enhancement of fluorescence quantum yield, and a better localization with low-intensity wide-field illumination (Lakowicz 2001; Lakowicz 2006) .
In this work, we have elaborated new fluorescentplasmonic nanohybrids (NHs) to enhance the fluorescence signal of SiC NPs (Fig. 1) . These NHs are constituted by a gold core overcoated with a silica shell, followed by the addition of SiC NPs onto the surface of silica. Silica was chosen as the spacer material between Au and SiC for several reasons: (i) SiO 2 is a chemically inert material that could prevent aggregation, (ii) the thickness of SiO 2 coating can be controlled easily by sol-gel synthesis, and (iii) SiO 2 is an optically transparent and dielectric medium, where plasmon scattering can be achieved up to few hundreds of nanometers. A similar approach was already used by several groups using either organic dyes such as oxazine 725 (Ming et al. 2009 ) or carboxyfluorescein (Tovmachenko et al. 2006) , inorganic quantum dots such as CdSe (Liu et al. 2006) or CdTe/CdS (Zheng et al. 2010) , and rare-earth doped oxide nanoparticles (Y 2 O 3 :Er) ) as fluorescent emitters. The originality of our approach is to combine only chemically inert materials to elaborate a potential ''all-biocompatible'' nanoprobe. Moreover, with their weak quantum yield (17 %), SiC NPs are good candidates for fluorescence enhancement. Indeed, it has been shown that the expected enhancement can be as large as the inverse of the intrinsic quantum yield (Lakowicz 2001) . Thus, the most interesting enhancement is obtained for low intrinsic quantum yield fluorescent emitters.
In this paper, we have elaborated (Au@SiO 2 )SiC NHs where SiC NPs were covalently immobilized onto silica surface. Our aim was to obtain stable NHs with optimized fluorescence enhancement. The influence of silica shell thickness and excitation wavelength was studied.
Experimental

Chemicals
Gold colloids (diameter: 20 nm, *0.01 % HAuCl 4 ), tetraethyl orthosilicate (TEOS), 3-aminopropyltrimethoxysilane (APTMS), sodium silicate solution (Na 2 O(SiO 2 ) 3-5 , 27 wt% SiO 2 ), ethanol, and ammonia solution (25-28 %) were purchased from Sigma-Aldrich. N,N 0 -diisopropylcarbodiimide (DIC) and N-hydroxysuccinimide (NHS) were obtained from Fluka. Milli-Q water (18.2 MX) was used in all the preparations.
Synthesis of Au@SiO 2 particles
The synthesis of Au@SiO 2 particles was achieved following a reported procedure with some modifications (Liz-Marzán et al. 1996) . In a typical synthesis, a freshly prepared aqueous solution of APTMS (14.5 lL, 1 mM) was added into 5 mL of Au colloids dispersion under vigorous magnetic stirring. After keeping the mixture stand for 15 min, a 0.54 wt% sodium silicate solution (200 lL) was added to this solution, which was stirred for an additional 24 h. Gold particles with a thin silica shell (*2 nm) can be collected by centrifugation (9609g during 1 h). Then, these particles were transferred into 6 mL of a 1:5 water/ethanol mixture; to this, 125 lL of ammonia solution and TEOS are added. The volume of TEOS was set to 2.5, 6, and 20 lL to obtain 25, 40, and 80 nm silica thicknesses, respectively. The solution was allowed for reacting overnight under mild magnetic stirring. The product was separated by centrifugation at 10,6009g for 10 min and finally dispersed in 5 mL of ethanol.
Preparation and size selection of SiC NPs SiC NPs were prepared by a previously reported method based on electrochemical etching (Botsoa et al. 2008) . The obtained SiC nanopowder was dispersed in water and then centrifuged at 4,9009g for 3 min to sediment large crystallites at the bottom of the centrifugation tube and to collect the useful top part of the suspension containing only less polydisperse NPs with a diameter ranging between 1 and 3 nm. These NPs are highly stable in water. Finally, the concentration of SiC dispersion was set to 1 g L -1 .
Surface functionalization of Au@SiO 2 particles with amino groups Au@SiO 2 particles were functionalized with APTMS by a reported method (VanBlaaderen and Vrij 1993) . The amount of APTMS was calculated to be sufficient to provide approximately a 5-monolayer coating on silica particles (Westcott et al. 1998) . 50 lL of APTMS solution in ethanol (1 mM) was added into 1 mL of Au@SiO 2 dispersion (7 9 10 11 particles/ mL). After stirring overnight, the dispersion was refluxed at 80°C for an additional 2 h. The APTMSfunctionalized Au@SiO 2 particles were purified by several centrifugation-washing steps with ethanol at 10,6009g. The surface density of amino groups was determined by Brilliant Coomassie Blue titration (Coussot et al. 2009 ) as described in the supporting information.
Preparation of (Au@SiO 2 )SiC NHs
After an ester activation of SiC surface carboxylic groups, SiC NPs were covalently immobilized onto amino-functionalized Au@SiO 2 particles through amide bond formation (Fig. 1) . A 1 g L -1 dispersion of SiC NPs in water was used. The amount added to Au@SiO 2 particles was evaluated by two ways. For Au@SiO 2 particles with a 25-nm silica shell, the calculated volume necessary to cover silica with one monolayer of SiC NPs (mean diameter *1.5 nm) was evaluated to be 6.9 lL. The calculation was also performed using absorbance measurements of the supernatant during SiC immobilization onto silica. In this case, the experimental value was 4 lL. The difference between theoretical and experimental calculation is because covering the silica surface with one compact monolayer of SiC is impossible due to electrostatic repulsion between SiC NPs. Thus, to insure that all SiC NPs will be immobilized and that no multilayer of SiC will be formed, the volume of SiC NPs dispersion to be added was fixed below these two values, i e., at 3 lL.
To achieve the covalent immobilization, 200 lL of Au@SiO 2 -NH 2 particle dispersion (containing 1.4 9 10 11 particles) was mixed with 3 lL of SiC NP dispersion (1 g L -1 ) in water. Then, the mixture was dried under vacuum. Dry tetrahydrofuran containing NHs and DIC (molar ratio of NHS/ DIC = 1:2.5) were added subsequently. The mixture (5) was refluxed at 60°C in dry tetrahydrofuran for 4 h. The NHs were purified by centrifugation and the precipitate was dispersed in a 1:1 water/ethanol mixture for characterization.
As a negative control, Au@SiO 2 particles with electrostatically immobilized SiC NPs were also prepared. In this case, 200 lL of a Au@SiO 2 -NH 2 particle dispersion (containing 1.4 9 10 11 particles) was mixed with 3 lL of SiC NP dispersion (1 g L -1 ) in water. The mixture was sonicated during 10 min. A summary of the elaboration conditions of NHs is given in Table 1 .
Characterization methods SEM images were obtained using an Inspect S50 microscope from FEI working at 10 kV. For SEM, samples were prepared by drop-casting of 2 lL of the Au@SiO 2 particles dispersion on a silicon wafer substrate. ImageJ 1.40 g software was used for image analysis.
TEM images were performed using a Topcon 002B microscope operating at 200 kV. For TEM studies, a drop of the diluted NH dispersion was deposited onto a carbon holey grid (ELOISE SARL).
UV-Visible absorption spectra were obtained on a SAFAS UV mc2 double-beam spectrophotometer by means of a microcuve of 1-mm length containing 5 lL of solution to analyze.
Zeta potential was evaluated by dynamic light scattering using a Zetasizer from Malvern Instruments.
Infra-red spectra were done in ATR mode using a Nicolet 6700 spectrometer from Thermo Scientific.
For the room temperature fluorescence spectra, excitation light was obtained from the triplet frequency (k 1 = 343 nm) of a diode-pumped ytterbium femto-second laser or from an argon-ion laser with k 2 = 458 nm or k 3 = 488 nm. The solutions were poured into UV transparent quartz recipients. To evaluate the effect of the metal on the fluorescence of SiC NPs, diluted dispersion of SiC NPs in water was used as a reference. For the enhancement factor calculation, a reference was set to the same concentration initially added in the solution of NHs. The enhancement factor was calculated by the ratio between the fluorescence intensities of NHs and SiC references.
Results and discussion
Synthesis of Au@SiO 2 particles
The synthesis of Au@SiO 2 particles was performed following a reported two-step process with few modifications (Liz-Marzán et al. 1996) . In the first step, a thin layer of silica (*2 nm) is formed around gold colloids in aqueous solution. The aim is to form a ''vitreophilic'' surface on Au colloids by replacing the initial sodium citrate surfactant by APTMS owing to the affinity of gold with amino groups. Then, TEOS, in the presence of a basic reagent, is added to grow a thicker silica shell. This method allows a good control over the size and morphology of silica beads depending on the amount of TEOS, solvent, and basic reagent. The size distribution of Au@SiO 2 particles was first controlled by SEM. The images show the formation of homogeneous size distribution (Fig. 2) . The thickness of the silica shell can be varied from 25 to 80 nm depending on the amount of TEOS in the synthesis process with the same size homogeneity. Absorption spectroscopy of Au@SiO 2 particles in water solution was used to check the dependence of the plasmon band position of gold as a function of silica shell thickness (Fig. 3) . The plasmon resonance of Au and Au@SiO 2 particles locates in the region of In the sample name, the first letter stands for the immobilization methods (C covalent, E electrostatic), the first number for the silica shell thickness in nm, and the final number to the volume of SiC NPs dispersion (1 g L -1
) added for coupling 520-530 nm even if a weak shift is observed depending on the silica shell thickness. As the thickness of silica shell increases from 0 to 25 nm, the intensity of absorbance is increased and a slight red-shift of the absorption maximum is observed due to the increase of the local refractive index around the Au colloids. For silica shell thicker than 40 nm, scattering is important, and thus a stronger absorbance is observed at shorter wavelengths, resulting in a weak blue-shift and a lower intensity of the plasmon band (Liz-Marzán et al. 1996) .
Synthesis of NHs: covalent grafting of SiC NPs on Au@SiO 2 particles Several pending chemical groups are present at the surface of SiC NPs-silanols, carboxylic acids, and carboxylates-making their surface negatively charged (Alekseev et al. 2007; Zakharko et al. 2010 ). These groups can be exploited for their covalent immobilization on Au@SiO 2 . For instance, carboxylic functions can be reacted with amine leading to the formation of an amide bond. Thus, Au@SiO 2 surface was functionalized with amino groups. The density of amino groups on the silica surface was evaluated to 1.05 9 10 14 NH 2 /cm 2 by a colorimetric titration using Brilliant Coomassie Blue (Coussot et al. 2009 ). In addition, the mean Zeta potential of Au@SiO 2 particles evolved from -23 to -11 mV after amino functionalization. However, the Zeta potential remained negative probably because unreacted silanol functions remain at the surface of silica, indicating that the silica surface is not totally passivated.
Amino-functionalized Au@SiO 2 particles were covalently bonded to SiC NPs via the formation of an amide bond Au@SiO 2 -NH-CO-SiC using an activated ester of SiC carboxylic pending groups. A negative control (E25-3) consisting of unactivated SiC NPs was also prepared. In this case, no amide bond should be formed. The elaboration of this negative control was to insure that (i) SiC immobilization was due to the formation of an amide bond (not to physical adsorption), (ii) the chemical signature (IR spectra) was not the result of potential surface contaminations resulting from the chemical reactions, and (iii) fluorescence enhancement was not the result of potential surface contaminations resulting from the chemical reactions. The infrared spectrum of C25-3 NHs (Fig. 4a ) was compared to one of the negative control E25-3 (Fig. 4b) .
In the case of E25-3, characteristic peaks at 1725, 1600, and 1540-1510 cm -1 were observed and correspond to the C=O (free COOH) stretching vibration, primary amine groups, and ammonium groups bending vibrations, respectively. In the case of covalently immobilized SiC NPs (C25-3), the carboxylic acid peak was shifted at 1,735 cm -1 , which corresponds to C=O groups implicated in the covalent bond. The peaks related to primary amines and ammonium were less intense (compared to the peak of C=O) in the NHs prepared by covalent bonding, proving that a majority of amino groups were involved in an amide bond.
The immobilization of SiC NPs onto silica was then controlled by TEM (Fig. 5) . TEM images show that the immobilized SiC NPs formed a submonolayer on silica surfaces for both negative control (Fig. 5a ) and covalent bonding (Fig. 5b) . In this layer, SiC NPs were separated from each other by approximately an average distance higher than 6 nm. This result is not surprising because after calculation, the volume of SiC NP dispersion was chosen to be sure that all the SiC NPs added will be immobilized onto silica. In this case, an incomplete monolayer is obtained as shown in Fig. 5b .
For negative control E25-3, several isolated SiC NPs can be found (encircled in Fig. 5a ). Isolated SiC NPs were never observed (Fig. 5b) after ester activation of carboxylic function illustrating the stability of the covalent bonding (vs. the negative control).
The fluorescence properties of the E25-3 and C25-3 were then compared (Fig. 6 ). All fluorescence spectra exhibited intense Raman peaks around 585 nm due to water or ethanol/water dispersant (Burikov et al. 2010) . The broad band at lower intensity which is located between 550 and 750 nm corresponds to the fluorescence signal of SiC NPs and NHs when excitation wavelength is 488 nm. To extract the enhancement factor, the spectra were extrapolated to eliminate the Raman peaks signal (dashed lines on Fig. 6a, b) . This factor was determined by the ratio of the NHs over the SiC NPs' reference intensities. For the negative control (E25-3 NHs, Fig. 6a ), a weak enhancement of 1.3 (at k em = 582 nm) was obtained and the shape of emission spectra was unchanged, while a strong enhancement (3.2 at k em = 582 nm) and a blue-shift of the spectrum was observed for C25-3 NHs (Fig. 6b) . The weak enhancement obtained for electrostatic bonding can be attributed to the unstable immobilization of SiC NPs as shown on TEM image (Fig. 5a ). In the case of the spectral reshaping observed for C25-3, our hypothesis is that the blueshift can be due to strong surface chemistry modification of SiC NPs when they are covalently bonded to silica. Indeed, as previously described (Zakharko et al. 2010) , chemical environment has a high influence on SiC NPs' fluorescence properties. Changing the dispersant, emission band can be shifted to hundreds of nanometers. Thus, the higher the dielectric constant is the thinner and more blue-shifted the corresponding fluorescence emission peak will be. It was also recently shown that SiC NPs embedded inside silica Fig. 4 IR spectra of a C25-3 NHs b E25-3 negative control spheres can exhibit an intense blue-light emission (Dai et al. 2011) . To confirm this hypothesis, a reference sample involving silica particles without a gold core were prepared according to Stöber method (Stöber et al. 1968) . SiC NPs were immobilized covalently with the same procedure as the one used for NHs. The SiC to silica particles ratio was the same as the one used for C25-3 NHs. The fluorescence spectrum of this SiO 2 -SiC reference sample was compared to the fluorescence spectrum of SiC reference sample with the same concentration of SiC NPs (Fig. 7) . The first remark is that the fluorescence intensity of SiC NP reference sample is quite the same as the fluorescence intensity of SiO 2 -SiC reference sample, which proves that silica does not induce fluorescence enhancement. Second, the emission spectrum of SiO 2 -SiC has a weak band at 523 nm, which can be attributed to the surface modification of SiC NPs when they are covalently linked to silica. This confirms our previous hypothesis.
Influence of silica shell thickness
The influence of silica thickness was then studied for NHs. The result obtained for C25-3 NHs (25 nm shell) presented in Fig. 6b was compared to two other silica shell thicknesses: 40 nm (C40-3) and 80 nm (C80-3). The fluorescence spectra are presented in Fig. 8 and enhancement factors obtained are summarized in Table 2 .
As shown in Fig. 8 and Table 2 , enhancement factor decreases when silica shell thickness increases. This result is consistent with previous work (Deng . A high enhancement factor was measured for covalent NHs with 25-nm shell, while weak enhancement factor close to 1 was measured for 80-nm shell. Thus, it seems that for 80-nm thickness, the influence of gold plasmon on SiC NPs is negligible. This is confirmed by the weak intensity of gold plasmon band observed in Fig. 3 . An evolution of the fluorescence spectra can also be observed with increasing thickness; in particular, in the region between 500 and 550 nm. Indeed, we have already explained the presence of an intense emission at 523 nm in the case of C25-3 NHs (Fig. 6b) , which was attributed to to fluorescence enhancement and to SiC surface modification. In Fig. 8 , this band is present, but with very weak intensity, for C40-3 NHs, while it is totally absent for C80-3 NHs. For C80-3 NHs; the measured intensity between 500 and 525 nm is only due to scattering of the excitation light by this large Au@SiO 2 particles (180 nm of diameter).
Influence of excitation wavelength
The influence of different excitation wavelengths (343, 458, and 488 nm) was then investigated on (Au@SiO 2 )SiC NHs elaborated by covalent bonding and with a silica thickness of 25 nm. Spectra are presented in Fig. 9 . The first observation is that the shape of the spectra strongly depends on the excitation wavelength, both for SiC NPs and NHs. When excitation wavelength was located in the UV region (343 nm, Fig. 9a ), the fluorescence emission spectra exhibited two bands, the first one at 440 nm and the second one at 530 nm, for both NPs and NHs. The presence of these two bands was already evidenced (Wu et al. 2009 ). The first one is due to quantumconfined electron hole transition in the smallest NP core, while the second is most probably due to surface defect recombination. Obviously, when excitation wavelength was above 440 nm (458 nm, Fig. 9b ), only the green band (540 nm) was observed for both NPs and NHs. The two sharp peaks observed at 529 and 543 nm corresponded to the Raman peak of the water/ethanol mixture (Burikov et al. 2010) . The emission band of SiC NPs was centered at 550 nm, while the emission band of C25-3 NHs was centered at 540 nm. Finally, when excitation wavelength was at 488 nm (Fig. 9c) , the two Raman peaks were shifted, respectively, to 570 and 585 nm. At this excitation wavelength, SiC NPs exhibited a broad emission band centered at 582 nm, while NHs had a narrower emission peak around 523 nm.
When excitation wavelength was set at 343 nm, the enhancement factor was below 1 for both emission wavelengths illustrating a strong quenching (Fig. 9d) . At 458 nm, a weak enhancement was observed. Finally, at an excitation wavelength of 488 nm, enhancement factors of 3.2 and 12.5 were observed at 523 and 582 nm, respectively. According to these results, it seems that SiC NPs fluorescence on NHs is enhanced when the excitation wavelength is close to the Au colloids' absorption/plasmon band. Indeed, it has been reported that the excitation of gold-localized surface plasmon resonance modes results in the confinement of electromagnetic waves in regions near the metal surface. In the presence of a fluorophore, the resulting electromagnetic enhancement can induce a strong increase of fluorescence emission (Lakowicz 2001; Shimizu et al. 2002) or fluorescence resonance energy transfer (FRET). In the latter case, quenching of Fig. 8 Fluorescence spectra of C40-3 and C80-3 NHs compared to reference sample at excitation wavelength of 488 nm the fluorescence is observed (Goulet and Aroca 2005) . In our case, when the excitation wavelength is at 343 nm, the absorption/plasmon band of gold colloids totally overlaps the fluorescence band of SiC NPs (as shown in supporting information). This is typically the situation where fluorescence quenching is observed due to energy transfer. Thus, the plasmon of Au@SiO 2 may ''re-absorb'' the fluorescence of SiC NPs. This is not the case for excitation at 458 and 488 nm for which plasmon is more efficiently excited by the laser. That is why, for these excitation wavelengths, enhancement can be observed. A similar behavior was recently observed for CdSe/ZnS-DNA linked-Au nanoparticle heterodimers (Maye et al. 2010) . Therefore, fluorescence properties of NHs have to be studied at 488 nm, as close as possible to the Au@SiO 2 plasmon band.
Conclusion
In conclusion, we have elaborated new (Au@SiO 2 )SiC NHs with controlled silica thickness and covalent immobilization of SiC NPs at the surface of silica. These NHs show interesting fluorescent properties which can be plasmon controlled. For these NHs, a blue-shift of fluorescence appears compared to the initial emission of SiC NPs. This behavior was attributed to the strong surface modification of SiC NPs when they are covalently bonded to silica. We have shown that enhancement/quenching properties are influenced by excitation wavelength, stability of SiC immobilization onto silica, and silica shell thickness. Ideally, to obtain highest enhancement factors (i) the excitation must be performed as close as possible to the gold plasmon band, (ii) the immobilization of SiC NPs must be covalent to avoid isolated NPs in the solution, and (iii) the silica shell thickness must be sufficiently thin so that the electric field due to plasmon may have an influence on SiC NPs. We are now investigating the use of these NHs as fluorescent labels for cell imaging. 
